Osuala K, Baker CN, Nguyen HL, Martinez C, Weinshenker D, Ebert SN. Physiological and genomic consequences of adrenergic deficiency during embryonic/fetal development in mice: impact on retinoic acid metabolism. Physiol Genomics 44: 934 -947, 2012. First published August 21, 2012 doi:10.1152/physiolgenomics.00180.2011.-Adrenergic hormones are essential for early heart development. To gain insight into understanding how these hormones influence heart development, we evaluated genomic expression changes in embryonic hearts from adrenergic-deficient and wild-type control mice. To perform this study, we used a mouse model with targeted disruption of the Dopamine ␤-hydroxylase (Dbh) gene, whose product is responsible for enzymatic conversion of dopamine into norepinephrine. Embryos homozygous for the null allele (Dbh Ϫ/Ϫ ) die from heart failure beginning as early as embryonic day 10.5 (E10.5). To assess underlying causes of heart failure, we isolated hearts from Dbh
and Dbh ϩ/ϩ embryos prior to manifestation of the phenotype and examined gene expression changes using genomic Affymetrix 430A 2.0 arrays, which enabled simultaneous evaluation of Ͼ22,000 genes. We found that only 22 expressed genes showed a significant twofold or greater change, representing ϳ0.1% of the total genes analyzed. More than half of these genes are associated with either metabolism (31%) or signal transduction (22%). Remarkably, several of the altered genes encode for proteins that are directly involved in retinoic acid (RA) biosynthesis and transport. Subsequent evaluation showed that RA concentrations were significantly elevated by an average of ϳ3-fold in adrenergic-deficient (Dbh Ϫ/Ϫ ) embryos compared with controls, thereby suggesting that RA may be an important downstream mediator of adrenergic action during embryonic heart development.
hormone; mouse; heart; catecholamine; microarray; ultrasound ADRENERGIC HORMONES PLAY AN essential yet unexplained role in the mammalian heart during embryonic/fetal development (17, 43, 44, 56, 99, 109) . Norepinephrine (NE) and epinephrine (EPI) are the main adrenergic hormones/neurotransmitters in mammals. In adults, EPI and NE are primarily produced in the chromaffin cells of the adrenal medulla as well as in neurons in the sympathetic and central nervous systems. Numerous other sources of adrenergic hormones have also been found in a diverse array of tissues and organs including the organ of Zuckerkandl (78) , retina (30), kidney (28, 52), spleen (28, 52, 77) , testes (11) , lungs (28, 52, 77) , and heart (1, 14, 16, 18, 19, 44, 46, 47, 52, 74 -76) . In the mid-1990s, it was discovered that NE and/or EPI are vital for embryonic survival in utero since disruption of the genes encoding for the catecholamine biosynthetic enzymes, tyrosine hydroxylase (Th) or dopamine ␤-hydroxylase (Dbh), resulted in fetal and perinatal lethality due to apparent heart failure (55, 99, 109) . In the absence of NE and EPI, embryos survive and appear relatively "normal" until approximately embryonic day 10.5 (E10.5) but then begin to die over the next several days with ϳ90% of the Dbh Ϫ/Ϫ mice not surviving to birth. We showed that disruption of the EPI-specific biosynthetic enzyme, phenylethanolamine nmethyltransferase (Pnmt), results in a loss of EPI but does not display any obvious developmental phenotype (16) . Since Pnmt Ϫ/Ϫ mice still produce NE, this hormone likely compensates, in part, for the loss of EPI. NE and EPI can both stimulate adrenergic receptors.
It is known that while both ␣-and ␤-adrenergic receptors are expressed and functional in the developing heart (21, 32, 42, 62, 66, 67, 70, 84, 102) , it is primarily the ␤-receptors that are important for survival through birth and the early postnatal period (25, 49, 70, 79, 98, 100) . Drug rescue experiments, for example, showed that the ␤-agonist isoproterenol could rescue Dbh Ϫ/Ϫ embryos when supplied in the maternal drinking water (98, 100) . In contrast, the ␣-agonist L-phenylephrine had little effect when administered alone but appeared to slightly improve survival when used in combination with isoproterenol (79, 98, 100) . Furthermore, targeted deletion of the ␤-adrenergic receptor kinase 1 (␤ARK-1) gene in mice resulted in embryonic lethality due to heart failure with many phenotypic characteristics similar to those described for Dbh Ϫ/Ϫ embryos (49) . In addition, genetic knockout of ␤ 1 -and ␤ 2 -adrenergic receptors led to cardiovascular and metabolic defects (8, 85, 86) . These studies in total indicate that NE stimulation of ␤-adrenergic receptors is crucial for heart development and embryonic survival. The downstream targets and molecular signaling mechanisms secondary to the stimulation of adrenergic receptors in the developing heart are not well-defined.
Recent reports suggest that hypoxia may be an important incoming signal that stimulates NE release, which, in turn, stimulates heart rate during hypoxic stress (79, 81) . A hypothesis drawn from these studies is that adrenergic-deficient embryos are unable to respond to hypoxic stress by releasing NE and thus cannot properly compensate for lower O 2 concentrations by increasing cardiac output. A prediction from this hypothesis is that adrenergic-deficient embryos would become increasingly hypoxic over time and ultimately perish as a result of inadequate blood flow. While there is good evidence supporting the hypoxia hypothesis, it does not appear to provide a full explanation for adrenergic action in the developing heart. Notably, the hypoxia experiments were primarily performed with isolated fetal hearts at E12.5 and later stages, whereas Dbh Ϫ/Ϫ embryos tend to begin dying a couple of days earlier. Furthermore, most of the supportive evidence stems from ex vivo cultures where conditions were carefully controlled and thus not completely reflective of the in vivo environment. It therefore remains unclear if hypoxia is a causative stimulus for adrenergic action in vivo, particularly at early embryonic stages.
To investigate underlying mechanisms that mediate adrenergic actions in early heart development, we utilized a Dbh Ϫ/Ϫ mouse model to evaluate physiological and genetic changes associated with the loss of NE and EPI during the early embryonic period extending from E9.5 to E12.5 (17) . We employed a combination of noninvasive high-resolution ultrasound imaging and genomewide microarray analyses to evaluate cardiac changes that occurred due to the absence of endogenous adrenergic hormones. These results suggest that the major categories of genes affected by the absence of adrenergic hormones are those involved in metabolism and signal transduction. In particular, we show that multiple retinoic acid (RA) synthesis and signaling genes display altered expression leading to significant increases in embryonic RA concentrations during a critical phase of early heart development.
MATERIALS AND METHODS

Animals.
All procedures and care of the mice were conducted in accordance with National Institutes of Health guidelines for use of vertebrate animals in research. All animal procedures were reviewed and approved by the appropriate Institutional Animal Care and Use Committees. Breeding and maintenance of the Dbh knockout mouse model were performed as previously described (99) . Timed matings were performed with E0.5 defined as noon of the day of vaginal plug verification. All-trans RA (Sigma-Aldrich, St. Louis, MO) was diluted in peanut oil and administered on E10 via oral gavage (50 mg/kg) as previously described (9, 83) . Vehicle-only controls received peanut oil only in the same volume as used for RA administration (0.1 ml per mouse).
Ultrasonography. Embryonic heart rates were evaluated noninvasively in vivo using a Vevo 660 high-resolution ultrasound instrument (Visualsonics, Toronto, Canada). Briefly, pregnant mice were anesthetized with isoflurane and placed onto a heated stage. Maternal body temperature and heart rate were monitored via rectal thermometer and limb ECG leads, respectively. Abdominal hair was removed with Nair hair removal product, and ultrasound data were collected for each embryo using 40 or 55 MHz transducers. Embryonic heart rates were measured using instrument software and confirmed by visual inspection of the recordings. The dams were returned to their cages with heating pads to facilitate recovery. Recordings were performed daily beginning at E9.5.
Embryonic tissue collection. The dams were killed and the embryos were collected for genotyping and gene expression analyses immediately after the last ultrasound recording session. In most cases, we could readily correlate the position of the embryo with the ultrasound recording. In some cases, however, it was not always clear, especially if the litter was large. Only those embryos that were clearly identified on ultrasound recordings at the time of isolation (i.e., prior to genotype determination) were used for further analysis. For microarray studies, Dbh ϩ/Ϫ sire and dam were mated generating Dbh ϩ/ϩ , Dbh ϩ/Ϫ , and Dbh Ϫ/Ϫ offspring collected at E10.5. Furthermore, only embryos that were viable with clearly beating hearts, bright red blood, and no signs of stunted or abnormal morphological development apparent upon visual inspection under a dissecting microscope were used for the microarray, RT-PCR, and RA bioassay assessments. The head was rapidly removed for DNA extraction and genotyping by PCR methods and primers as previously described (99) . For the microarray and RT-PCR analyses, the heart was isolated and rapidly frozen for subsequent RNA extraction as described below. For the RA bioassay, the entire embryonic trunk, including the heart, was rapidly frozen following removal of the head for DNA extraction. Tissues were further processed for each assay as described below.
RNA isolation. Hearts collected for mRNA expression analysis were rapidly frozen in prechilled microfuge tubes on dry ice and stored at Ϫ80°C for subsequent use. Frozen embryonic hearts were homogenized in TRIzol (Sigma Aldrich, St. Louis, MO), and total RNA was extracted by established methods as previously described (15) . Total RNA quality and yield were assessed with NanoDrop 1000. Only total RNA samples showing an OD 260/OD280 ratio between 1.8 and 2.1 were used for microarray and real-time PCR.
Microarray data analysis. Mouse Genome 430A 2.0 Arrays (AffyMetrix, Santa Clara, CA) were used to analyze gene expression differences in Dbh ϩ/ϩ and Dbh Ϫ/Ϫ hearts at E10.5. Purified total RNA was prepared from frozen embryonic hearts and delivered to Gene Logic (Gaithersburg, MD) to perform the microarray analysis. RNA quality-control results and basic statistical analysis of gene expression results were provided by Gene Logic. Access to these files as well as the raw microarray data files from this experiment is provided at the following web link: http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?tokenϭrfghpyusacumoho&accϭGSE33906, These files include individual chip data, MAS 5 signal intensities, detection calls, and detection P values. Probe set annotations included in these files provide the gene name, ontology, pathway membership, and Unigene ID for each gene on the array. Additional information about the basic statistical analysis can be found below under Statistical methods. The networks and canonical pathways were generated through the use of Ingenuity Pathway Analysis (IPA) algorithms (Ingenuity Systems, http://www.ingenuity.com).
Real-time PCR analysis. Genomic DNA was removed from the isolated RNA by digestion with RNase-free DNase (Promega, Madison, WI). The cDNA was prepared using Affinity Script QPCR cDNA synthesis kit (600559; Stratagene, Cedar Creek, TX). We used 0.4 g total RNA for each cDNA synthesis reaction. Real-time PCR reactions were performed using IQ SYBR Green super mix (Bio-Rad Laboratories, Hercules, CA) and run in the Bio-Rad ICycler. Oligonucleotide sequences and annealing temperatures are shown in Table 1 .
RA bioassay. F9-RARE-LacZ cells were kindly provided by Drs. Michael Wagner and Alexander Moise (SUNY Downstate Medical Center, Brooklyn, NY) (104) . These cells were maintained in L-15 Leibovitz media containing 20% heat inactivated, charcoal-stripped fetal bovine serum and 1% PenStrep (vol/vol) as previously described (104) . We used a modification of previous assay methods for quantification of ␤-galactosidase activity (91, 104, 108) as described below. The cells were grown to confluence (80 -90%) on 100 mm gelatin-coated dishes then plated at 60% confluence on 24-well dishes and allowed to settle overnight. Immediately before the assay individual embryonic trunks were homogenized via 5 s sonication twice in F9-RARE-LacZ cell culture assay media (passage media plus 1.6 g/l D-glucose) under dim lighting. The homogenate was centrifuged at 8,000 g for 5 min to remove cell debris before transfer to the F9-RARE-LacZ cells. Immediately prior to adding the homogenate, we removed the normal passage media from the F9-RARE-LacZ cells and added 0.9 ml of assay media followed by 100 l of the embryonic trunk homogenate. The cells were then incubated overnight at 37°C and 5% CO 2. For the detection of ␤-galactosidase activity using the fluorescein di-␤-D-galactopyranoside (FDG) substrate, cocultured F9-RARE-lacZ cells were lysed in 100l of Z-buffer (0.8 g Na 2HPO4, 0.28 g NaH 2PO4, 0.5 ml 1 M KCL, 0.05 ml 1 M MgSO4, and 0.135 ml ␤-mercaptoethanol, all dissolved in pure water at a final volume of 50 ml) via 5 s sonication, and added to a 96-well plate with the addition of 2 l of 1 mM FDG. Light production was measured with an EnVision Multilabel plate reader (PerkinElmer).
Statistical methods. Data are presented as means Ϯ SE, except where specified otherwise. Student's t-test (two-sample comparisons) or oneway analysis of variance (three or more sample comparisons) was performed with P Ͻ 0.05 required to reject the null hypothesis. For post hoc testing, the Bonferroni transformation was used to assess statistical significance of differences between specific groups. The basic statistical analysis of gene expression data from the microarray provides the mean, standard deviation, and percent present (P) values for each gene. For pairwise statistical comparison between Dbh ϩ/ϩ and Dbh Ϫ/Ϫ E10.5 gene expression data (n ϭ 4 each), fold-change and t-test P values are indicated for each gene on the array. For canonical pathway analysis, Fisher's exact test was used to determine significance (P Ͻ 0.05) (Ingenuity Systems, http://www.ingenuity.com).
RESULTS
To investigate how adrenergic deficiency leads to embryonic heart failure and death in utero, we used high-resolution ultrasound imaging to evaluate cardiac performance in adrenergic-deficient (Dbh Ϫ/Ϫ ) and adrenergic-competent (Dbh
and Dbh ϩ/Ϫ ) mouse hearts in vivo. Representative images from this analysis are shown in Fig. 1 , A and B, where sagittal views of an E10.5 mouse illustrate the ability to detect cardiac ) mouse embryonic development. In vivo ultrasound image of a wild-type embryonic day 10.5 (E10.5) mouse embryo in systole (A) and diastole (B). Crown-rump lengths were estimated as indicated. C: heart rates (means Ϯ SE) for the corresponding embryonic ages, as assessed by high-resolution ultrasound imaging. D: attrition rates by genotype between E9.5 and E11. 5. contractions and ability to measure crown-rump length as an estimation of embryonic age (51) . Heart rates were assessed on viable E9.5, E10.5, and E11.5 embryos. Embryos were subsequently collected for genotyping and mRNA expression profiling as described in MATERIALS AND METHODS. No significant differences were observed in mean heart rates from adrenergicdeficient mouse embryos compared with controls at any of these ages (Fig. 1C ).
Overall attrition rates were similar between genotypes at E9.5 and E10.5 but increased dramatically in the Dbh Ϫ/Ϫ group at E11.5, with roughly half of the adrenergic-deficient population failing to survive to this stage of development (Fig.  1D ). These findings are consistent with the original reports that most Dbh Ϫ/Ϫ mice survive through E10.5 but then steadily decline in numbers over the next few days with Ͼ80% dead before birth in heterozygous (Dbh ϩ/Ϫ ) dams (99) . The most notable differences were observed in the heart rate and rhythm of the Dbh Ϫ/Ϫ embryos shortly before they died after E10.5. Having recorded heart rates from the same sets of embryos on successive developmental days, we were able to witness this phenomenon directly. Heart rates would appear essentially normal for all genotypes at E9.5, E10.5, and E11.5, but occasionally a few Dbh Ϫ/Ϫ hearts that were beating well at E9.5, E10.5, or even E11.5 began to develop slow, labored contractions sometimes with associated asynchronous and arrhythmic activity. An example of one such recording of a Dbh Ϫ/Ϫ heart at E10.5 is shown in Supplemental Video 1. 1 The heart rate of this Dbh Ϫ/Ϫ embryo had been ϳ60 beats/min (bpm) at E9.5, similar to that of the adrenergic-competent embryos (Fig. 1C ), but had declined to ϳ34 bpm by E10.5, and stopped sometime between E10.5 and E11.5, as no heart beat was detected on the final round of ultrasound measurements for this particular litter. Other Dbh Ϫ/Ϫ embryos within the same litter survived with little or no observable difference in heart rates through E11.5. In other cases, the slow labored irregular contractile activity first appeared at E11.5 or E12.5, typically followed by death within 24 h. Consequently, it appears that beating rates develop normally during the early phase of heart development but then start to decline beginning around E10.5 in some Dbh Ϫ/Ϫ hearts but not in others. There appears to be a window that extends for a few days where the heart is vulnerable to the absence of adrenergic hormones, but this does not always begin at E10.5.
We took advantage of our echocardiographic assessments to identify viable hearts of various genotypes (Dbh ϩ/ϩ , Dbh ϩ/Ϫ , and Dbh Ϫ/Ϫ ) that were beating at normal physiological rates. These hearts were immediately collected for analysis of gene expression changes at E10.5, near the beginning of the developmental period where embryos show greatest vulnerability to adrenergic deficiency (99, 109) . The objective of this experiment was to determine if there were underlying alterations in gene expression profiles that precede the physiological decline and ultimate death of Dbh Ϫ/Ϫ embryos in utero. To minimize confounding variables related to downstream gene expression changes incurred as a consequence of heart failure in general, we sought to obtain early specimens that were asymptomatic. The criteria that we used included assessment of heart rates, crown-rump lengths, and general morphological/structural appearance at time of dissection. The embryos collected for this analysis were indistinguishable from E10.5 wild-type controls in terms of these criteria. Notably, all appeared to be in relatively good health with adequate cardiac function at the time of isolation at E10.5.
We identified four viable Dbh Ϫ/Ϫ (experimental) and four Dbh ϩ/ϩ (control) age-and size-matched E10.5 mouse hearts for microarray analysis. To assess changes in gene expression between these two groups, we extracted RNA and analyzed the samples using Mouse Genome 430A 2.0 Arrays (Affymetrix, Santa Clara, CA). These arrays permit simultaneous evaluation of Ͼ22,000 annotated genes in the mouse genome. The microarray data were analyzed using the Affymetrix MAS5.0 software to compare the two groups according to the following criteria: 1) P value Ͻ 0.05, 2) Ն2-fold change, and 3) detection call and signal must be present (P) in at least half of the samples from either group. This yielded a list of 22 genes (23 transcripts) that were significantly (P Ͻ 0.05) altered by a factor of two or more between E10.5 Dbh Ϫ/Ϫ and Dbh ϩ/ϩ hearts ( Table 2) . Nine of these genes were downregulated in Dbh Ϫ/Ϫ hearts relative to Dbh ϩ/ϩ hearts, with the RA biosynthetic enzyme, ␤-carotene 15,15=-monooxygenase (Bcmo1), and phospholipase A2, group IID (Pla2g2d) genes displaying the greatest decreases (-2.7-fold). Twelve genes showed marked increase in expression, with fibroblast growth factor 20 (Fgf20) commanding the greatest increase (ϩ5.3-fold). One gene, fibromodulin (Fmod), was identified twice (from two different target sequences on the array) as a gene displaying increased expression (ϩ2.2-fold and ϩ2.7-fold) in the adrenergic-deficient hearts. An analysis of general ontology categories of the altered genes identified from the microarray data shows that most changes were found in metabolic (31%) or signal transduction (22%) genes (Fig. 2) . Other categories showing significant expression changes included those encoding for extracellular matrix (ECM) and structural proteins (17%), transport proteins (17%), transcription factors (4%), and proteins of unknown function (9%).
To gain insight about how these various alterations in gene expression may be connected, we performed pathway analysis using the Ingenuity Systems Knowledge Database (http:// www.ingenuity.com). The top networks identified were: amino acid metabolism, molecular transport, and small molecule biochemistry (Fig. 3A) and cellular development, nervous system development, and developmental disorders (Fig. 3B) . The top biological functions and canonical pathways associated with the altered genes are highlighted in Table 3 .
Of particular note, two of the most significantly altered genes are directly involved in RA metabolism (Bcmo1 and Rdh12: see boldfaced items in Table 2 and the top canonical pathways in Table 3 ). A representative comparison of changes observed from the microarray data with independent assessments of gene expression by RT-PCR is shown for the Bcmo1 gene in Fig. 4 , where it can be seen that similar data were obtained by either method. The RT-PCR results showed a slightly larger 3.7-fold decrease in Bcmo1 gene expression compared with the 2.7-fold decrease obtained from the microarray data (Fig. 4A) . Verification of the accuracy of the RT-PCR amplification with the Bcmo1 primers is shown by agarose gel electrophoresis in Fig. 4B at the termination of the RT-PCR reactions. These data support the finding that Bcmo1 mRNA expression is decreased in adrenergic-deficient E10.5 mouse hearts relative to controls.
We independently evaluated a sample of additional genes from the microarray analysis using RT-PCR methods. These genes include key RA indicator genes such as Aldehyde dehydrogenase family 1, subfamily a2 (Aldh1a2, also known as Retinaldehyde dehydrogenase 2 or Raldh2) and Retinol-binding protein 1 (Rbp1). The results are summarized in Table 4 . The Aldh1a2 gene encodes for the principal rate-limiting enzyme for RA biosynthesis and is essential for heart development and embryonic survival (72) . Changes in Rbp1 expression generally parallel changes in RA concentration, and thus expression of this gene is often used as an indicator of increased or decreased RA concentrations (22, 45, 105) . We also measured Retinol dehydrogenase 12 (Rdh12) expression using RT-PCR but could not precisely determine fold-difference for this gene because expression was undetectable in 75% of the wild-type control heart samples (data not shown). Rdh12 expression was detected in 50% of the Dbh Ϫ/Ϫ hearts both by RT-PCR and microarray analyses, suggesting that its expression was likely induced in adrenergic-deficient E10.5 mouse hearts relative to wild-type controls.
To facilitate comparison of the microarray and RT-PCR results, we performed correlation analysis with linear regression and 95% confidence intervals for each of the target genes shown in Table 4 . While the RT-PCR and microarray results showed similar degree and direction of change in most cases, some exceptions were also observed. For example, we did not observe good correlation for Neurofibromin 1 (Nf1). The microarray results suggested 2.2-fold decreased expression for Nf1 in Dbh Ϫ/Ϫ hearts, but the RT-PCR results indicated a 1.2-fold increase. To investigate this discrepancy, we tried an alternative RT-PCR primer set for Nf1 as there are several splice variants of this gene; however, this still did not reproduce the decreased expression of Nf1 observed in the microarray dataset. With the exception of Nf1, all other targets examined showed similarity between the microarray and RT-PCR results, both in terms of the magnitude and direction of the change. From this subset of genes, all lie within the 95% confidence intervals for linear regression analysis (data not shown). In general, these results validate the findings of the microarray dataset.
Since previous studies had suggested that hypoxia may be an important physiological inducer of adrenergic action in the developing heart (79 -81, 101), we evaluated potential expression changes in well-known hypoxia-sensitive genes such as hypoxiainducible factor 1␣ (Hif1␣) and the vascular endothelial growth factor A (VegfA), but no significant differences were observed Table 2 .
A: amino acid synthesis, molecular transport, and small molecule biochemistry network (score ϭ 40). B: cellular development, nervous system development and function, and developmental disorder network (score ϭ 13). This analysis was generated with Ingenuity Systems software (http://www.ingenuity.com).
(see following web link for access to full microarray dataset and basic statistical analysis: http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?tokenϭrfghpyusacumoho&accϭGSE33906). To examine this further, we performed RT-PCR analysis on VegfA expression in adrenergic-deficient and control mouse hearts across multiple ages including E9.5, E10.5, and E11.5, but VegfA expression was remarkably consistent in both groups during this period (Fig. 5 ). These data suggest that adrenergic-deficient embryos are not in hypoxic distress during this early period of embryonic development. As indicated above, there were a number of RA metabolic and other genes whose expression was significantly altered on the microarray (Table 2) , and several of these were verified by independent RT-PCR analysis (Table 4) . These results prompted us to probe the microarray data further to determine if other genes involved with RA synthesis and signaling were also altered in adrenergic-deficient hearts. Closer examination of the microarray data for RA-related genes revealed that many of them were altered in adrenergic-deficient mouse hearts. For example, a notably altered gene involved in RA synthesis was Aldh1a2 (1.5-fold increase, P ϭ 0.089), and a gene involved in RA storage was lecithin retinol acetyltransferase (Lrat) (2.2-fold increase, P ϭ 0.078) (33, 54, 73) . Although these genes did not meet the arbitrary conventional threshold for significance (P Ͻ 0.05), they nevertheless displayed consistent changes in a relatively small sample size (n ϭ 4 for each genotype, Dbh ϩ/ϩ and Dbh Ϫ/Ϫ ). Similarly, several other genes involved in RA metabolism also displayed increased expression in Dbh Ϫ/Ϫ E10.5 mouse hearts relative to control Dbh ϩ/ϩ hearts (Fig. 6A) . Although some of these gene expression changes were not found to be "significant," they appeared to be indicative of a trend toward increased production of RA in adrenergic-deficient hearts. We have included a schematic diagram to show how each of the products of these genes is involved in RA metabolism (Fig. 6B) .
To determine if RA concentrations were actually altered in concert with the observed gene expression changes in RA metabolic genes in adrenergic-deficient mouse embryos, we employed a sensitive bioassay (91, 104, 108) to assess RA concentrations in both adrenergic-deficient (Dbh Ϫ/Ϫ ) and adrenergic-competent (Dbh ϩ/Ϫ ) embryos. Using this approach, we could accurately measure RA concentrations between 30 and 300 pM as shown by the nearly linear (r 2 ϭ 0.97) standard curve over this range of concentrations (Fig. 7A) . Embryonic RA concentrations fell within this range. When normalized to the total amount of protein per sample, the average RA concentration in wild-type embryos was 14.6 Ϯ 4.8 pM/mg total protein. Quantitative comparison with Dbh Ϫ/Ϫ embryos showed that RA concentrations were significantly elevated (P Ͻ 0.05) by nearly threefold (43.4 Ϯ 10.1 pM/mg total protein) compared with Dbh ϩ/Ϫ controls (Fig. 7B ). These results demonstrate that RA concentrations were sharply increased in adrenergic-deficient E10.5 mouse embryos during a critical period of development when the heart is exquisitely sensitive to hormonal fluctuations (13, If the gene expression changes observed on the microarray were due to increases in embryonic RA concentrations resulting from adrenergic deficiency, then one might predict that administration of exogenous RA should produce similar effects. To test this idea, we administered RA (50 mg/kg) to the pregnant dams and then measured embryonic RA concentrations at 1, 2, and 4 h from samples collected at E10.5. Little change was observed at 1 h, but RA concentrations increased Ͼ3-fold above control (vehicle-only gavage) by 2 h and remained at similar though slightly declining levels through 4 h (Fig. 8A) . In parallel, we also measured gene expression changes for a few representative RA-associated genes in isolated E10.5 hearts from these embryos. As shown in Fig. 8B , both Bcmo1 and Fgf20 were highly responsive to RA administration, with peak expression levels observed at 4 h. In contrast, Rbp1 expression was mildly increased similar to that observed in the microarray analysis (Fig. 6 ) and did not appear to fluctuate much over this time course. These results demonstrate that cardiac Rbp1, Bcmo1, and Fgf20 were responsive to increases in embryonic RA concentrations at E10.5.
DISCUSSION
In this study, we have examined in vivo heart rates and cardiac gene expression changes associated with adrenergic deficiency in a mouse model (Dbh Ϫ/Ϫ ) of embryonic heart failure. Our results show that embryonic heart rates were remarkably similar in adrenergic-deficient and adrenergiccompetent hearts until shortly before the onset of heart failure and death. Physiological signs of heart failure included bradycardia with associated arrhythmia and asynchrony. When these signs appeared, the embryos were typically found dead within 24 h. Surprisingly little change was observed in hypoxiasensitive genes, suggesting that adrenergic-deficient embryos may not necessarily experience abnormal or excessive hypoxic stress during this critical early period of heart development (E9.5-E11.5) in mouse embryos. Our results thus suggest that adrenergic deficiency may lead to heart failure and death due to mechanisms other than those induced by hypoxia.
The use of noninvasive high-resolution ultrasound imaging provided a glimpse into the physiological characteristics of cardiac performance in utero, thereby enabling us to assess the effects of adrenergic deficiency on embryonic heart rates compared with control embryos vivo. This extends earlier work that evaluated heart rates in explanted E12.5 Th Ϫ/Ϫ embryos at room temperature, where a slight but significant decrease of ϳ15% was observed in heart rates from the adrenergic-deficient group (109) . More recent studies showed similar heart rates for adrenergic-deficient (Th Ϫ/Ϫ ) and control hearts in ex vivo cultures at physiological temperature under normoxic conditions but significantly slower rates for the adrenergicdeficient hearts under hypoxic conditions (79) . An additional study also showed similar heart rates for Th Ϫ/Ϫ and Th ϩ/ϩ embryos in vivo following acutely administered oxygen with the animals under anesthesia (81). We did not specifically examine hypoxia in the present study, but our results are consistent with the previous findings, indicating that there is little or no difference in heart rates in adrenergic-deficient embryos compared with controls under normal conditions. Our results are in alignment with previous findings of in vivo studies performed with Th Ϫ/Ϫ embryos by specifically showing that Dbh Ϫ/Ϫ embryos exhibit heart rates indistinguishable from Dbh ϩ/ϩ and Dbh ϩ/Ϫ controls until shortly before death when physiological signs of heart failure become evident.
Measurement of genome-wide changes in gene expression in asymptomatic hearts prior to the onset of heart failure revealed a limited population of 22 genes from a total of Ͼ22,000 total genes that showed significant expression changes of twofold or greater magnitude. More than half of the 22 altered genes are involved in either metabolism or signal transduction pathways, including two genes that directly participate in RA synthesis, Bcmo1 and Rdh12. Interestingly, both Bcmo1 and Rdh12 encode for enzymes that produce retinal; however, they utilize different substrates. Retinol is the substrate for Rdh12, and ␤-carotene is the substrate for Bcmo1. In the case of Rdh12, there are multiple isoforms that comprise the retinol dehydrogenase family of enzymes, and based on our microarray data it is clear that several of these are expressed much more robustly than Rdh12 in the embryonic heart (http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?tokenϭrfghpyusacumoho&accϭGSE33906). No significant differences in expression of the other isoforms of the Rdh gene were observed from the microarray analysis of adrenergic-deficient and control embryonic mouse hearts. Despite the apparently minor role for Rdh12 under these circumstances, induction of its expression in adrenergic-deficient hearts during embryonic development appears to serve as an indicator of perturbations in RA metabolism.
In contrast, the Bcmo1 gene product is the primary enzyme and only isoform characterized to generate two molecules of retinal for each molecule of ␤-carotene (4, 27, 82) . Although the Bcmo1 gene does not appear to be essential for mouse development when vitamin A is sufficient in the diet (38), its role becomes much more important when vitamin A intake is limited (53, 61) . Bcmo1 is a highly conserved gene found in animals as diverse as fruit flies, chickens, and mammals (3). Moreover, Bcmo1 is critical for embryogenesis in zebrafish (59) . Expression of Bcmo1 is known to be robust in early mammalian embryogenesis (82), consistent with our observation that it is expressed in the embryonic heart. These results suggest that appropriate Bcmo1 expression and regulation are important for animal development. In our study, Bcmo1 expression was significantly decreased roughly threefold in Dbh Ϫ/Ϫ hearts at E10.5, coincident with the observed elevations in RA concentrations measured in Dbh Ϫ/Ϫ embryos at this stage of development. Interestingly, however, its expression increased dramatically in response to maternal RA administration. These data imply that the decreased expression of Bcmo1 in Dbh Ϫ/Ϫ hearts may not solely be due to the observed increase in RA concentrations but likely involve other regulatory components. Indeed, previous examination of the Bcmo1 promoter identified a RA-responsive element (RARE) and a putative cAMP-responsive element immediately adjacent to the RARE, as well as a number of other transcriptional regulatory elements (27). The fact that Bcmo1 expression is responsive to RA in mouse embryos is consistent with the RARE in its promoter and earlier studies showing that this gene is sensitive to transcriptional regulation in the presence of RA in other systems (4, 97) . An intriguing hypothesis generated from our results is that the cAMP-responsive element in the Bcmo1 promoter plays an important role in stimulating Bcmo1 expression in the embryonic heart during this formative period of early heart development. Future experiments aim to test this and other hypotheses that will explain how Bcmo1 gene expression is influenced by developmental hormones. It is nonetheless clear that Bcmo1 expression is responsive to hormonal influences in the embryonic heart, thus providing one of the first tangible pieces of evidence indicating that there may be functional cross talk between adrenergic and RA signaling pathways in the embryonic heart.
Changes in gene expression such as those noted above provide strong circumstantial evidence that RA synthesis and signaling are awry in adrenergic-deficient hearts, but perhaps the most convincing direct evidence comes from our demonstration that RA concentrations themselves were significantly elevated in adrenergic-deficient mouse embryos. This finding is consistent with the observed increased expression of RA biosynthesis genes such as Aldh1a2 and Rdh12, as well as retinol-binding proteins, Rbp1 and Rbp7, and RA-binding proteins, Crabp1 and Crabp2 (69, 87, 92) . Increased expression of the gene encoding the RA storage enzyme, Lrat, is also consistent with a previous report showing that Lrat is transcriptionally stimulated by RA (110) . Interestingly, published re- ports have shown that Lrat and Bcmo1 appear to be reciprocally expressed during early mouse development (53) , as well as in obese adult rats (96) , in a manner that appears not entirely dissimilar to the inverse expression profiles for Lrat and Bcmo1 observed in Dbh Ϫ/Ϫ embryonic mouse hearts. The hypothesis that RA synthesis was perturbed in adrenergic-deficient hearts is further supported by closer examination of other genes involved in RA metabolism, many of which displayed altered expression patterns. Notable among these were Aldh1a2 and Lrat, whose products play critical roles in RA synthesis (72) and storage (33, 54, 73), respectively. Additional supporting evidence is provided by the microarray results showing that several known RA-responsive genes also showed significantly altered gene expression in adrenergicdeficient embryonic mouse hearts compared with controls. These include the Pla2g2d (20) , Nf 1 (41, 64), Mgp (7), and Col9a3 (107) genes (Table 2 ). This hypothesis is also supported by the pathway analysis shown in Fig. 3B , where tretinoin, all-trans RA, is seen to be at the center of several connected pathways and thus may serve to coordinate and integrate expression of many of the associated genes shown.
One of these genes, Fgf20, appears to merit special attention because it was the most strongly and significantly induced (5.3-fold increase, P Ͻ 0.001, n ϭ 4/group) gene in Dbh
hearts from the entire microarray analysis (see Table 2 ). Moreover, it is clear that various Fgf isoforms serve as important mediators of RA actions during development (12, 71) . Of particular relevance is a study by Lavine et al. (60) that showed Fgf20 expression in E10.5 mouse hearts where it was primarily found in ventricular (left and right) epicardium and endocardium, as well as in the outflow tract region. Fgf20 is closely related to Fgf9 and Fgf16 in terms of sequence homology, cardiac spatio-temporal expression patterns, and Fgf receptor selectivity (31, 48, 60) . Although RA regulation of Fgf20 has not been previously examined directly, Lavine et al. (60) showed that RA treatment of embryonic mouse hearts significantly induced Fgf9. These findings are consistent with the results from the present study showing that Fgf20 expression was strongly induced when embryonic RA concentrations were elevated following maternal administration of RA and in Dbh Ϫ/Ϫ mouse embryos at E10.5. Taken together, these findings suggest that Fgf20 expression is stimulated by RA in E10.5 mouse hearts and that the increased expression of Fgf20 in adrenergic-deficient hearts may be a direct result of the elevated RA concentrations observed in these embryos. Further testing will be required to confirm this hypothesis and determine what consequence(s) may result from transient increases in Fgf20 expression in the developing heart.
Several additional genes and pathways from the microarray analysis described here appear likely to play a role in the observed cardiac phenotypes found in adrenergic-deficient mouse embryos. For example, two of the 22 significantly altered genes from Table 2 are ion channel subunits. One encodes for a calcium channel subunit (Cacna2d2), and the other for a potassium channel (Kcnj6). The Cacna2d2 subunit has previously been shown to be expressed in the heart, and it appears to increase the size of both L-and T-type calcium currents when expressed in a heterologous system (23) . Other studies have shown that pace-making and atrial tissue express higher levels of this subunit than the ventricles (37, 65). In contrast, the Kcnj6 gene encodes for an ATP-sensitive inwardrectifying K ϩ channel (89). We did not perform electrophysiological characterization in the present study but recently reported slowed atrial-ventricular conduction, decreased connexin 43 expression, and increased propensity for cardiac arrhythmias in adrenergic-deficient embryonic mouse hearts (2) . It is certainly conceivable that altered expression of Kcnj6 and/or Cacna2d2 could contribute to the observed electrophysiological impairments in these animals, though further experimental evaluation is needed to determine if this is true. At present, there is no indication that either of these ion channel genes are regulated by RA, but several independent reports suggest that elevated RA can lead to delayed ventricular activation (103) , decreased connexin 43 expression (103) , diminished growth of atrioventricular tissue (5), and accelerated expression of atrial calcium and potassium currents in differentiating cardiomyocytes (24) . Thus, the elevated RA concentrations in adrenergic-deficient embryos may indeed contribute to the observed electrophysiological phenotypes, thereby providing additional fodder for future experimentation in this area.
One of the more curious findings stemming from the microarray analysis is that at least two of the genes identified have been shown to be involved in bone formation. The Mgp gene is involved in regulation of bone mineralization and has previously been shown to be regulated by RA (7) . The Ebf2 gene, on the other hand, has not been shown to be sensitive to RA, but it apparently "regulates osteoblast-dependent differentiation of osteoclasts" (41). While it is entirely unclear why expression of these genes is altered in adrenergic-deficient hearts, it is intriguing to note that adrenergic-deficient mice display impaired leptin-dependent bone formation (95) . Consequently, Mgp and/or Ebf2 could represent novel molecular intermediaries for adrenergic influence on bone formation, thereby opening the door for another new area of investigation.
Study limitations. The present evidence shows that RA concentrations are increased in adrenergic-deficient embryos, but further study is required to determine if the observed RA fluctuations contribute to embryonic/fetal heart failure in adrenergic-deficient mice. We also recognize that significant gene expression changes observed in our analysis of the microarray data represent genes that appear to be unrelated to RA synthesis or signaling. We were initially excited about Nf1 as a potential target since earlier studies had shown that it is also essential for embryonic heart development (6, 26, 57), but we were unable to confirm altered Nf1 expression with independent RT-PCR assays. We tried two different primer sets targeted to different known splice variants of the Nf1 gene, but there are many other variants that would need to be evaluated before a definitive conclusion can be reached about whether or not this gene is truly influenced by adrenergic hormones in the developing heart. We have not yet systematically verified all the significant gene alterations observed from the microarray data with independent RT-PCR and other methods, but this dataset should prove useful for subsequent investigations into the underlying mechanisms of adrenergic action in the developing heart.
The elevations in embryonic RA concentrations likely contribute to the heart failure phenotype observed in Dbh Ϫ/Ϫ mice, though this is probably not the whole story since earlier studies have shown that maternal administration of excess RA or vitamin A does not necessarily produce heart failure and embryonic death (83, 87, 90) . Nevertheless, overexpression of RA receptors has been reported to cause dilated cardiomyopathy and lead to congestive heart failure in adult mice (10, 93) . On the other hand, it is well-established that too much or too little RA can lead to congenital cardiac malformations similar to those seen in human patients (34, 35, 58) . In this context, it is potentially interesting to note that excess ␤-adrenergic stimulation has also been shown to produce similar types of congenital cardiac defects when applied during an analogous window of development in chick embryos (39, 40). It is therefore possible that teratogenic influences of adrenergic stimulation may be mediated, in part, through RA-dependent mechanisms. Additional experiments are required to test this hypothesis.
Study conclusions. The major conclusion from this report is that adrenergic deficiency results in significant alterations in RA synthesis in the developing mouse embryo near midgestation (E10.5). Although it has been known for many years that adrenergic and RA hormones are each essential for heart development, the present study is the first report to show that disruption of adrenergic signaling significantly influences RA metabolism in the embryonic mouse heart. Interestingly, recent studies have shown that the Th gene is regulated by RA and expressed early in the developing heart (50, 63) . The Th gene encodes for the enzyme that catalyzes conversion of L-tyrosine to L-DOPA, which is generally considered the rate-limiting step in adrenergic hormone production. Furthermore, the adrenal gland appears to be a major site of RA production during mouse fetal development (36). Thus, there is mounting evidence suggesting that adrenergic and RA signaling pathways are functionally interconnected during a critical phase of heart development, and perhaps beyond.
